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Effects of Verapamil on Contraction and Relaxation of Cultured Chick
Embryo Ventricular Cells During Calcium Overload
BEVERLY H, LORELL MD, FACC, WILLIAM H. BARRY, MD, FACC
Boston. Massachusetts
The calcium channel blocking agents verapamil and ni-
fedipine have been reported to lessen abnormalities of
left ventricular relaxation in patients with severe left
ventricular hypertrophy or coronary artery disease.
Whether these effects in human beings are related in
part to a direct effect on myocardial calcium metabolism
is difficult to determine because of complicating drug
influences on ventricular loading via systemic arterial
vasodilation, on myocardial blood supply via coronary
artery vasodilation and on reflex changes in sympathetic
tone. For this reason, the effects of verapamil were in-
vestigated in a cellular model of impaired relaxation
using spontaneously contracting tissue cultured mono-
layers of chick embryo ventricular cells exposed to high
external calcium ([Ca].).
Under control conditions ([Ca]., 0.9 mM), verapamil
(2 x 10 -8M) induced a 57 ± 8% decrease in amplitude
of cell contraction monitored with a phase contrast mi-
croscope video motion detector system. Elevation of [Ca]n
from 0.9 to 8.0 mM resulted in a decrease in amplitude
The calcium channel blocking agents verapamil and nifedi-
pine have been reported to improve abnormal left ventricular
diastolic relaxation in patients with hypertrophic cardio-
myopathy (1-4) and coronary artery disease (5). Although
the biochemical mechanisms of myocardial relaxation are
not completely understood, myofilament dissociation ap-
pears to depend on a rapid decline in free cytosolic Ca2 I
concentration initiated by the adenosine triphosphate (ATP)-
dependent sequestration of calcium by the sarcoplasmic re-
ticulum, extrusion of calcium which entered the cell during
depolarization (6-8) and ATP binding to the contractile
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and velocity of contraction and a decrease in velocity of
relaxation associated with an upward shift in diastolic
cell wall position, suggesting a failure of normal myofi-
lament dissociation. These abnormalities were com-
pletely reversible on reperfusion with [Ca]., 0.9 mM.
On re-exposure of the cells to [Ca]., 8.0 mM, in the
presence of verapamil, there was an increase in ampli-
tude of contraction (0.56 ± 0.11 to 1.03 ± 0.09 J.tm, p
< 0.01) and velocity of relaxation (4.97 ± 0.89 to 9.94
± 0.87 J.tm!s, p < 0.01) compared with exposure to
[Caj.; 8.0 mM, alone, and an attenuation of the upward
shift in diastolic cell wall position. Furthermore, partial
contracture induced by calcium overload could also be
directly reversed by exposure to verapamil during con-
tinued perfusion with high [Ca]o-
These data show that verapamil can improve relax-
ation and increase amplitude of contraction of a calcium-
overloaded ventricular cell. Thus, the effects of calcium
channel blockers on myocardial performance may de-
pend in part on the degree of myocardial calcium levels.
proteins (9-11). It is possible that improvement in impaired
left ventricular relaxation during treatment with calcium
channel blockers may be related in part to a reduction of
calcium influx via the slow channel (12,13), facilitating the
restoration of diastolic cytosolic calcium levels toward nor-
mal. However, it has proven difficult to investigate any
relation between diastolic relaxation and myocardial effects
of calcium channel blockers administered via the intraco-
ronary or systemic routes in human beings because drug
actions on coronary vascular tone, which may modify myo-
cardial energy supply, and on systemic arterial tone, which
may modify left ventricular loading, may also influence
myocardial relaxation (14-16). Furthermore, calcium chan-
nel blockers have not been shown previously to modify
myocardial relaxation in experimental preparations in the
absence of alterations in myocardial blood supply or loading
conditions, nor have their effects on diastolic and systolic
function under conditions of calcium overload been
investigated.
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Therefore, we chose a cellular model of marked but re-
versibly impaired relaxation secondary to calcium overload
to examine the hypothesis that the effects of verapamil on
myocardial performance depend in part on calcium loading
conditions, and that verapamil may improve relaxation and
contractility in myocardial cells subjected to calcium over-
load. We used tissue-cultured monolayers of spontaneously
contracting chick embryo ventricular cells and first exam-
ined whether exposure to verapamil in the presence of high
external calcium ([CaL,) could prevent the development of
impaired contraction and relaxation associated with calcium
overload. Second, we determined whether the addition of
verapamil could reverse abnormalities of contraction and
relaxation already established as a result of calcium over-
load. This model uses relatively immature cultured avian
myocardial cells in which some electrophysiologic prop-
erties may differ from adult mammalian myocardium. Fur-
thermore, these cells may be more sensitive to calcium than
fully developed cells. However, this model has been shown
previously to be a useful model of calcium overload to
investigate reversible impairment of relaxation in the ab-
sence of the influence of changes in sympathetic tone, coro-
nary blood flow and afterload (17).
Methods
Preparation of cultured ventricular cells. Monolayer
cultures of spontaneously beating chick embryo ventricular
cells were prepared as described previously (18). Briefly,
fragments of ventricles of 10 day old chick embryos were
aseptically removed and placed in calcium and magnesium
free Hanks solution. The cells were dissociated by four
cycles of gentle agitation in 0.025% (weight/volume) trypsin
at 37°C. The cells were suspended in 20 ml cold trypsin
inhibitor medium containing 50% heat-inactivated fetal calf
serum and 50% calcium- and magnesium-free Hanks so-
lution and centrifuged at 2,000 rpm for 10 minutes. The
cell pellet was resuspended in culture medium consisting of
6% heat-inactivated fetal calf serum, 40% Medium 199
(Grand Island Biological Co.), 0.1 % penicillin-streptomy-
cin antibiotic solution and 54% balanced salt solution con-
taining (in mM): NaCI 116, NaHzP04 1.0, MgS04 0.8, KCI
1.18, NaHC03 26.2, CaCl 2 0.87, and glucose 5.5. The final
concentrations (in mM) in the culture medium were K 4.0,
Na 143, Ca 0.97, HC03 18, Mg 0.8, and CI 131. The cell
suspension was diluted to 5 x lOs cell/ml and placed in
plastic tissue culture petri dishes containing 25 mm circular
glass coverslips.
Cultures were incubated in a humidified atmosphere of
5% carbon dioxide and 95% air at 37°C. Confluent mono-
layers in which at least 80% of the cells exhibited sponta-
neous synchronous contractions developed by 3 days, at
which time the experiments were performed.
Measurement of contraction and relaxation. Changes
in the contractile state of individual cells in the monolayers
were assessed by use of an optical video system as described
previously (17,18). A glass coverslip with an attached spon-
taneously beating cell monolayer was continuously super-
fused in a chamber provided with inlet and exit ports for
culture perfusion and a gassing ring for administration of a
mixture of 5% carbon dioxide and 95% air. The chamber
was placed on the stage of an inverted phase contrast mi-
croscope (Lietz Diavert) enclosed in a Lucite box with con-
trolled temperature (37°C). The cells were magnified with
a 40 x objective and the image monitored by a low light
level television camera (Dage 650 SSX) connected to a video
motion detector (Colorado video 633) and displayed on a
Conrac TV monitor. The motion detector monitored a se-
lected raster line segment and provided position data every
16 ms for an image border of a single cardiac cell moving
along the raster line. The analog voltage output from the
motion detector was calibrated to indicate /Lm of amplitude
of cell motion. The first derivative of motion was obtained
electronically and calibrated to indicate velocity of motion
(dA/dt) in /Lm/s. To assess relaxation, the peak negative
velocity of cell wall motion (- dA/dt) was measured in
/Lm/s, and the diastolic position of the cell wall relative to
the initial baseline was recorded in /Lm. The analog traces
were recorded using a two-channel amplifier-recorder sys-
tem. To ensure that observations were not unique to a single
group of cells or to a single coverslip, only one cell per
cover slip was studied. Heart cell monolayer cultures used
in the experiments contracted spontaneously at rates varying
from 90 to 150 beats/min. In a given culture, the rate,
amplitude and velocity of contractions remained stable for
several hours during superfusion with normal culture medium.
Perfusion solutions. Media used for culture superper-
fusion during experiments to determine effects of high ICaL
and verapamil contained I% fetal calf serum, HEPES
(N-2-hydroxyethylpiperazine-N' -2-ethanesulfonic acid)
buffered solution 4 mM (pH 7.3), and (in mM): NaCI 137,
KCl 3.6, MgCI2 • 6H20 0.5, and glucose 5.5. The total
calcium concentration was adjusted to either 0.9 or 8.0 mM
by varying the calcium concentration in the solution, and
the potassium concentration was kept constant. Use of HEPES-
buffered solutions rather than an HC03-buffered solution
was necessary to avoid precipitation of calcium at high [CaL,
levels. Verapamil HCI was dissolved in deionized water to
produce a stock solution of verapamil 10- 3M, from which
appropriate dilutions were made to produce a desired ver-
apamil concentration.
Statistics. All values are expressed as mean :::':: standard
error of the mean. Statistical analysis was performed using
Student's t test, and a probability value less than 0.05 was
regarded as significant.
Results
Effects of high [Ca], on contraction and relaxation. We
initially studied the effects of high [Ca], on contraction and
relaxation of cultured cells to establish the extent of systolic
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Figure 3. The effects of verapamil on amplitude of contraction
of cultured heart cells during perfusion with control ICa]." 0,9
mM. Threshold for a negative inotropic effect of verapamil was
10-" M with a 50% inhibition of contraction noted at 10 8M and
complete inhibition of contraction detected at 10 "M. (Reprinted
from Barry WH, Smith TW. [191, with the permission of J Physiol
[Lond].)
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Figure 2. Effects of periodic cessation of beating during perfusion
with high ICa]". This continuous recording of the amplitude of
contraction of a single cell during perfusion with high [Ca]", 8.0
mM, illustrates that periodic cessation of beating was followed by
relaxation of the cell to the baseline diastolic cell wall position.
Resumption of beating was accompanied by a transient increase
in amplitude of contraction (arrow) and a subsequent decrease In
amplitude of contraction and upward shift in diastolic cell wall
position, similar to that illustrated in Figure I, as the cell continued
contracting.
for a negative inotropic effect was 1O-9M, with a 50%
reduction in amplitude of contraction evident at lO-xM, and
reduction of amplitude of contraction to undetectable levels
at 1O-6M, Verapamil, 2 x lO-xM, produced a 57 ± 8%
decrease in amplitude of contraction, This effect was com-
pletely reversible with drug washout (Fig, 4),
Effect of verapamil plus high [Ca]o' Simultaneous ex-
posure to verapamil and high [Cat prevented both the de-
crease in amplitude and velocity of contraction and the
depression of relaxation velocity, and attenuated the upward
shift of diastolic cell wall position produced by high [Cat
alone (Fig, 5), In this group (n = 5) of cell cultures, an
increase in [Cat, from 0,9 to 8,0 mM resulted in a decrease
in amplitude and velocity of contraction, reduction in the
velocity of relaxation and an upward shift in diastolic cell
wall position (Fig. 6). These abnormalities were completely
lUI
IIHI
Return to conlroi
f
Control High Co
t
Figure 1. Effects of perfusion with high ICaL, on cultured heart
cells. Recording of amplitude of contraction in jLm (upper trace)
and velocity of contraction in jLm/second (lower trace). An up-
ward displacement in the signal indicates contraction (shortening)
of the cell due to force development. The continuous recording
illustrates that a change in perfusion from control ICaJ." 0.9 mM,
to high ICa]", 14.0 mM, was associated with a decrease in am-
plitude and velocity of contraction and the development of partial
contracture evident as a decrease in velocity of relaxation and
upward shift in diastolic cell wall position, The rapidity of recovery
is shown after reinstitution of perfusion with control ICa I.., 0.9
mM.
and diastolic abnormalities that developed in these cells as
a result of calcium overload, Figure I shows the effects of
increasing [Ca], from 0,9 to 14 mM. There was consistently
an initial transient increase in the amplitude and velocity of
contraction, impairment of the velocity of relaxation and
development of stable partial contracture evident as a marked
upward shift in end-diastolic cell position, These effects
were reversible on reperfusion with [Ca]." 0.9 mM. The
exact level of [Ca], needed to produce partial contracture
varied from 8.0 to 14,0 mM, as different lots of fetal calf
serum were utilized over a I year period.
We observed that the development of partial contracture
during perfusion with high [Ca]" was dependent on the pres-
ence of persistent regular beating of the cells (Fig. 2). Pe-
riodic cessation of beating was immediately followed by
relaxation of the cell to the baseline diastolic cell wall po-
sition, and resumption of beating was accompanied by a
progressive decrease in amplitude and velocity of contrac-
tion, a decrease in velocity of relaxation and an upward
shift in diastolic cell wall position,
Effect of verapamil on contractility. Previous studies
from this laboratory have shown that verapamil depresses
contractility; the concentration-effect curve of verapamil alone
on contractility in cultured heart cells is shown in Figure 3
( 19), For each concentration level of veraparnil, four to eight
cells were studied on separate coverslips. In the presence
of ICa]." 0,9 mM, verapamil had a negative inotropic effect
manifested as a reduction of amplitude and velocity of cell
concentration with no effect on beating rate. The threshold
u U L--J
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Figure 6. Group data displaying the effects of perfusion with
control [Cal.; 0.9 mM, high [Caj.; 8.0 mM, return to control [Cal"
and re-exposure to high [Caj. . 8.0 mM, with verapamil. 2 x
10 8M . Amplitude of contraction in JLm (upper left); velocity of
contraction. dA/dt. in JLrnlsecond (upper right ); velocity of re-
laxation. - dA/dt, in JLm/second (lower left) and upward shift in
diastolic cell wall position in JLm (lower right) are shown as mean
value ± standard error of the mean. Compared with high [Ca],
alone, exposure to high ICa]" and verapamil resulted in a signif-
icantly higher amplitude and velocity of contraction, greater vc-
locity of relaxation and less prominent upward shift in diastolic
cell wall position.
could reverse systolic and diastolic abnormalities already
established as a result of exposure to high [CaL . A second
set of experi ments demonstrated that partial contracture in-
duced by calcium overload could be directly reversed by
exposure to verapamil in the presence of continued super-
fusion with high [Ca], (Fig . 7) . For the gro up (n = 16),
an increase in [Ca], from 0.9 to 8.0 mM resulted in stable
part ial contracture evident as a decrease in amplitude and
velocity of contraction, decrease in velocity of relaxat ion
and an upward shift in end-dias tolic cell wall position (Fig.
8) . Exposure of the cells to verapami l, 2 x lO- xM, in the
presence of continued perfusion with [CaL, 8.0 mM , reo
versed these abnormalities of calci um overload and resulted
in an increase in amplitude of contraction (0.75 ± 0.07 to
[Co"), mM 0: 0 .9
CoO.9~
Co 8.0mM
Co O.9mM +
YtroponiI2xIO" M
I---i
I SEC.
Co 8.0mM
Co O.9mM
+ -8
Veropomil2XlO M
CoO.9mM
Co O.9mM
25}JmI~
reversible on reperfusion with [CaL, 0.9 mM . Re-exposure
of the cells to [Caj. ; 8.0 mM , in the presence of verapamil,
2 x IO- HM, resulted in an increase in amplitude of con-
traction (0.56 ± 0.11 to 1.03 ± 0.09 JLm , p < 0.01), an
increase in velocity of contraction ( + dA/dt) (8.24 ± 1.79
to 14.34 ± 1.28 tunis; p < 0.0 1), an increase in relaxation
velocity (- dA/dt) (4.97 ± 0.89 to 9.94 ± 0.87 JLm/s, p
< 0.01) and a reduction in the upward shift in end-diastolic
cell wall position ( + 0.88 ± 0.23 to + 0.16 ± 0.05 JLm,
p < 0.05) compared with [Ca], 8.0 mM , alone (Fig. 6) .
These experiments demonstrated that simultaneous ex-
posure to verapamil and high [Ca]" could prevent signs of
calcium overload. We next sought to determine if verapamil
Figure 5. Effects of simultaneous perfusion of cultured heartcells
with verapamil and high [Cal" versus high [Cal" alone. An increase
in [Ca], from 0.9 to 8.0 mM was associated with a decrease in
amplitude and velocity of contraction, relaxation velocity. and an
upward shift in diastolic cell wall position (left panels) which was
reversible on reperfusion with ICa \., 0.9 mM . In contrast. re-cx-
posure of the cells to high [Cal" 8.0 mM with verapamil 2 x
10 .8M partially prevented the development of these abnormalities
of systolic and diastolic function (far right panel).
Figure 4. The effects of verapamil, 2 x 1O - 8M, on amplitude
of contraction (upper trace) and velocity of contraction and re-
laxation (lower trace) in a cultured heart cell in the presence of
control [Ca]o, 0.9 mM. Verapamil 2 x 1O - 8M (middle panel)
consistently produced approximately a 60% decrease in amplitude
and velocity of contraction which was completely reversible with
drug washout (r ight panel).
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Figure 7. Reversal of establ ished partial contracture by the ad-
dition of verapamil during continuous perfusion with high ICaL.
This example illustrates that the addition of verapamil, 2 x 10- HM.
during continued perfusionwith high [Cal". 8.0 mM (right panel).
directly reversed the depression of amplitude of contraction.
depression of the velocity of contraction and relaxation. and the
upward shift in diastolic cell wall position produced by perfusion
with high ICa)". 8.0 mM . alone (middle panel).
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Figure 8. Group data displaying the effects of perfusion with
control lCal., 0.9 mM . high [Caj.. 8.0 mM . and addition of ver-
apamil , 2 x 10 HM, during continued perfusion with ICa)". 8.0
mM. Symbols as in Figure 6. Compared with high [CaL,. 8.0 mM.
alone. the addition of verapamil resulted in a significant increase
in ampl itude of contraction. velocity of contraction and relaxation
and a smaller upward shift in diastolic cell wall position.
Myocardial contractility and [Ca ]; In contrast to skel-
etal muscle, the strength of contraction of myocardium is
exquisitely sensitive to the level of [Ca l" (20-22) . During
depolarization , there is an influx of calcium across the sar-
colemma via the slow channel (23) which promotes release
of calcium from the sarcoplasmic reticulum sufficient for
initiation of cross-bridge formation of the contractile pro-
teins (24). Subsequent relaxation of the contractile system
requires removal of calcium from and ATP binding to the
contractile proteins. In the absence of calcium overload , the
ATP-dependent accumulation of calcium by the sarco-
plasmic reticulum appears to be of sufficient rapidity and
magnitude to account for the rapid decline in free intracel-
lular calcium required for myocardial relaxation ( I I) . In
addition, it has been suggested that beat to beat extrusion
of the calcium that enters the cell is accomplished via so-
Co 8.0mM
+
Veropomil 2 • 10 ' 8 M
Co 8.0 mMCo 0.9mM
Discussion
Verapamil and intracellular calcium levels. Calcium
overload in these cultured ventricular cells results in a de-
crease in velocity of relaxation and marked upward shift in
diastolic cell wall position consistent with a failure of normal
myofilament dissociation after contraction . These changes
are accompanied by a decrease in amplitude of contraction
due to a reduced extent of cell shortening from the position
of partial contracture at end-diastole and a depression of
velocity of contraction. This state of partial contracture is
dynamic as these abnormalities are completely reversible
on return to normal [CaL. This study demonstrates that the
development of partial contracture could be prevented by
simultaneous exposure of the cell to verapamil and high
[Ca].,. Furthermore, verapamil reversed partial contracture
even when calcium overload had been present for 5 minutes
during continuous exposure to high [CalII' These experi-
ments suggest that the effects of the calcium channel blocker
verapamil on systolic and diastolic myocardial function de-
pend in part on the degree of intracellular calcium
accumulation.
1.44 ± 0.10 p,m, p < 0.0 I), increase in velocity of con-
traction ( + dA/dt) (12.69 ± 1.23 to 21.25 ± 1.23 p,m/s .
p < 0.0 I), improvement in velocity of relaxation ( - dA/dt)
(7.89 ± 0.9 1 to 14.11 ± 1.04 p,m/s, p < 0.01) and a
return of end-diastolic cell wall position toward control po-
sition ( + 0.98 ± 0.12 to + 0.43 ± 0.08 p,m , p < 0.0 1)
compared with exposure to [Cal,,, 8.0 mM , alone (Fig. 8).
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dium-calcium exchange (6,7) or extrusion, via an energy-
requiring calcium transport system, or both (8).
The amplitude of myocardial contractility and the peak
velocities of both contraction and relaxation normally in-
crease with an increase in [CaL. However, it appears that
when diastolic intracellular calcium concentration rises above
an optimallevel, deterioration of both relaxation and systolic
function occurs, which suggests that the reserve capacity of
the sarcoplasmic reticulum for calcium sequestration is ex-
ceeded (10). Furthermore , available evidence indicates that
calcium overload associated with deterioration of systolic
function and relaxation may be induced by multiple mech-
anisms. Miura et al. (17) showed that the reversible and
graded impairment of both relaxation and contraction in
cultured ventricularcells associated with a marked increase
in rapidly exchangeable cellular calcium content could be
induced by multiple mechanisms, including the elevation
of external calcium levels and the reduction of the trans-
sarcolemmal sodium gradient by exposure to ouabain, sub-
stitution of external sodium chloride with choline chloride
and exposure to veratrine. Lin and Vassalle (25,26) showed
an initial increase followed by a decline in developed force
in perfused canine Purkinje fibers during calcium overload
inducedby either strophanthidin or elevation of [CaL which
was partially reversed by reduction of [CaL. Lakatta and
Lappe (27) demonstrated that rat myocardium twitch force
declines when diastolic myoplasmic calcium levels exceed
an optimal level, as assessed by fluctuation in laser light
scattering. Exposure of cardiac muscle to caffeine, which
induces release of calcium by the sarcoplasmic reticulum
(28), also markedly impairs myocardial relaxation and force
development (29).
Calcium channel blockers and calcium loading. This
study shows that verapamil can modulate the adverse me-
chanical effects of calcium overload and that the effects of
calcium channel blockers on myocardial function depend
on calcium loading conditions. Under conditions of normal
[CaL, verapamil reduced the amplitude and velocity of con-
traction and relaxation of cultured ventricular cells and thus
acted as a negative inotropic agent. It is likely that the
decrease in - dA/dt induced by verapamil in the presence
of a normal [CaL is due to the decrease in amplitude of
contraction. rather than a primary depressant effect on the
relaxationprocess. A simple reduction in [Ca]., has the same
effect (30). In contrast, the same concentration of verapamil
increased the amplitude of contraction, increased velocity
of relaxation, - dAldt, and reversed partial contracture in
the presence of calcium overload induced by high [Cal".
We postulate that the reversal of partial contracture by ver-
apamil is due to a reduction in slow channel calcium influx,
resulting in a reduction of diastolic cytosolic Ca2 + concen-
tration to a lower level that permitted more normal disen-
gagement of the myofilaments.
Myocardial hypertrophy and disturbed calcium reg-
ulation. Although it is unlikely that the magnitude of el-
evation of extracellular calcium used in our experiments
would occur in clinical conditions, these observations may
be relevant to myopathic conditions in which impaired re-
laxation or partialcontracture secondary to calcium overload
resultingfrom other factors may occur. Ischemia or hypoxia
causes profoundand reversible impairment of the extent and
rate of myocardial relaxation in animal models (29,31-33)
and in patients with coronary stenoses (34). Experimental
studies suggest that disturbed cytosolic calcium regulation
may contribute to impaired myocardial relaxation during
ischemia or hypoxia, presumably related in part to inade-
quate energy substrate for calcium sequestration by the sar-
coplasmic reticulum (35,36). There is also experimental
evidence that progressive myocardial hypertrophy may be
associated with disturbed control of cytosolic calcium.
Studies performed in vitro with microsomal vesicles have
shown enhanced calcium uptake and calcium-dependent
ATPase activity by the sarcoplasmic reticulum in mild car-
diac hypertrophy . Although a recent study suggested the
presence of normal sarcoplasmic reticulum activity during
the development of cardiac hypertrophy (37), other studies
in more advanced hypertrophy have shown reductions in
microsomal calciumbinding, uptakeandcalcium-stimulated
ATPase activity (38- 40). Failure of the adaptive response
of enhanced Ca2 + transport by the sarcoplasmic reticulum
in advanced hypertrophy may contribute to the development
of impaired relaxation and diastolic filling and, ultimately,
depressed systolic function due to a reduced extent of di-
astolic filling which has been observed in patients with hy-
pertrophic cardiomyopathy (1-3) and those with concentric
pressure overload hypertrophy due to aortic stenosis or sys-
temic hypertension (I , 41-43).
Effect of calcium channel blockers . Interventions that
alter cytosolic Ca2 + availability appear to modify impaired
myocardial relaxation in experimental animal models of hy-
poxiaand ischemia (35,36, 44). Although some human stud-
ies have shown no improvement in left ventricular relaxation
after administration of calcium channel blockers (14-1 6).
other contradictory studies have shown that these agents
improved impaired left ventricular diastolic relaxation and
diastolic function in patients with coronary stenoses (5).
The calcium channel blockers have also been reported to
improve impaired diastolic relaxation and filling in patients
with severe left ventricular hypertrophy (1- 4). and in this
setting, their administration is usually associated with pre-
served or enhanced systolic performance (2-4).
Clinical implications. The data provided in our exper-
iments suggest a theoretic model for further investigation
of the apparent contradictory effects of calcium channel
blockers in human investigations. This study showed that
verapamil can reversepartial contracture inducedby calcium
overload such that improved relaxation permits a greater
JACC Vol. 3. No. 2
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extent and velocity of contraction. Extrapolation of these
data to the clinical situation should be made with caution.
These data do suggest that it may be overly simplistic to
view the calcium channel blocker verapamil as a purely
negative inotropic agent. In the intact circulation. verapamil
may produce a variety of effects, including a depression of
myocardial force development, changes in afterload. coro-
nary blood flow and sympathetic tone. In addition. the ef-
fects of verapamil on myocardial relaxation and extent of
systolic muscle shortening may also depend on the level of
intracellular myocardial calcium, and further contribute to
the hemodynamic effects of calcium channel blockade.
We gratefully acknowledge the technical assistance of Louise Liechty and
the secretarial assistance of Barbara Connolly and Phyllis Ainsworth.
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